H5N1 and H9N2 are the most important causes of avian influenza in China. Chemokines and cytokines play important roles in inflammatory response that clearly differ between H5N1 and H9N2 infection. To investigate whether chemokines and cytokines are differentially regulated following H5N1 and H9N2 AIVs infection, dynamic expression of chemokines and cytokines, including IL8L1, IL8L2, CX3CL1, CCL5, CCL20, K203, SCYA4, XLC1, CCLi10, CCL19, IFN-a, IFN-b, IL-1b, IL-6 and TNF-a, were analyzed by real-time quantitative RT-PCR in DF-1 cells. It was found that IL8L1, IL8L2, CX3CL1, CCL5, CCL20, K203, SCYA4, IFN-a, IFN-b, IL-1b, IL-6 and TNF-a increased significantly after induction of H5N1 or H9N2 AIV infection, whereas no expression of XCL1, CCLi10 or CCL19 was detected. H9N2 AIV infection was associated with much stronger chemokine responses than infection with H5N1, whereas the cytokines showed opposite results. It was found that K203 is a constant chemotactic factor independent of subtype of AIVs and infectious dose, CCL20 and IL-1b are constant regardless of the infectious dose but depend on the subtype of AIV, chemotactic factors IL8L1, IL8L2 and CCL5 are dependent both on subtype of AIVs and infectious dose, and K203, CX3CL1, SCYA4, CCL20, IFN-a, IL-1b and TNF-a are specific to responses to H5N1 AIV infection whereas K203, CCL20, IFN-b, IL-1b and IL-6 are specific to H9N2 infection. These results provide basic data for explaining differences in inflammation and phenotypes of histopathological changes caused by H5N1 and H9N2 and add new information on the roles of chemokines and cytokines in virulence of AIVs.
Avian influenza virus belong to the influenza A virus genus of the Orthomyxoviridae family. Although several influenza pandemics have originated from AIVs, such as H5N1 human infections in 1997 (1) and H7N9 AIV in China from 2013 (2), AIVs rarely cross the species barrier and the most victims are birds, especially domestic chickens (3, 4) . AIVs are classified as highly and low pathogenic viruses based on their pathogenicity in chickens (5) . In general, low pathogenic AIV infection causes mild respiratory syndromes with inconspicuous clinical signs or substantial drops in egg production (6, 7) . However, highly pathogenic AIVs can cause severe hemorrhagic lesion in the cardiovascular, nervous, respiratory and urinary systems, resulting in up to 100% deaths (4, 8) . In China, H5N1 and H9N2 are the most important causes of avian influenza. H5N1 infection often causes severe to fatal disease in chickens, whereas H9N2 infection usually causes mild disease; there is a great difference in the inflammatory responses induced by these two AIVs.
Inflammation is one of the most important host responses when fighting against infection by pathogens and is also the core index of pathogenicity (9) . The basis of the variance in clinical symptoms and pathogenicity caused by different types of AIVs infection is the diversity of the host's inflammatory responses (2, 9) . Chemokines guidance of activated inflammatory cells to infection sites is a key step in inflammation (10, 11) . Chemokines, which are classified into CC, CXC, C, and CX3C subfamilies depending on the spacing of their first two cysteine residues, play their biological roles by interacting with specific G protein-coupled receptors expressed on the surfaces of leukocytes (12, 13) . CC chemokines have two adjacent cysteines near their amino terminus, SCYA4 and K203 (equivalent to CCL4 in humans). CCL5 and CCL20 are members of the CC family of chemokines in chickens and have strong chemotactic activity for monocytes, eosinophils, DCs, NK cells and T and B-lymphocytes (14) . CXC chemokines are subdivided into two categories, ELR-positive and ELR-negative. In chickens, IL8L1 and IL8L2 (equivalent to CXCL8 in humans) belong to the CXC family and act mainly on neutrophils, T, B and other lymphocytes (15) . The only two C chemokines, XCL1 and XCL2, have strong chemotactic activity for T-lymphocytes, especially CD4 þ T-lymphocytes (16) . XCL1 gets more attention in chickens. CX3CL1, the only member of the CX3C family, acts mainly on monocytes and T-lymphocytes (12, 13, 16) . Cytokines also play important roles in inflammatory response. IFN-a and -b can lead to further recruitment of monocytes, macrophages and Th1 cells to the site of infection (17, 18) . IL-1b, IL-6 and TNF-a can enhance inflammatory responses by their involvement in maturation of tissue macrophages and DCs (19, 20) . The roles of some chemokines and cytokines in AIVs infection have been reported (21) (22) (23) ; however, data about dynamic expression of chemokines and cytokines that explain how recruiting leukocytes to move into peripheral tissues regulates recruitment of the next wave of inflammatory cells are still inconclusive. Another question that requires exploration is why types of inflammatory cells change in infection by H5N1 and H9N2 in chickens. Characterization of the dynamic expression of chemokines and cytokines would provide clues to the answers to these questions.
Here, analysis of the dynamic expression of chemokine and cytokine responses to H5N1 and H9N2 were characterized in DF-1 cells, DF-1 being a widely-used contiguous cell line of chicken embryo fibroblasts (24) (25) (26) . The results provide basic data for explaining differences in inflammation and phenotypes of histopathological changes caused by H5N1 and H9N2 and add new information on the roles of chemokines and cytokines in virulence of different subtypes of AIVs.
MATERIALS AND METHODS

Cell and virus
DF-1 cells were cultured in DMEM with 10% FBS and 1% penicillin (100 units/mL)/streptomycin (10 mg/mL) at 37°C with 5% CO 2 . During the passage of DF-1 cells, 0.25% trypsin-EDTA (Sigma, St Louis, MO, USA) was used for digestion.
Two strains of AIVs were used in this research: H5N1 influenza A virus A/goose/Guangdong/SH7/2013, which is lethal to chickens (27) and H9N2 influenza A virus A/chicken/Guangdong/V/2008, which is not pathogenic in chickens (28) . H5N1 and H9N2 AIVs were propagated in DF-1 cells for 48 hrs and 72 hrs, respectively. The supernatants were collected and stored at À80°C. For propagation of H9N2 AIV, 0.25mg/mL TPCK-trypsin was added to the medium. All infectious materials were handled in Biosafety Level 3 laboratory in South China Agricultural University.
TCID 50 assay and virus replication kinetics TCID 50 assay and assessment of virus replication kinetics were performed as previously described (27, 28) . Ninety-six-well plates with monolayers of DF-1 cells infected with 0.1 mL of tenfold serial dilutions of viral samples were used for the TCID 50 assay. The TCID 50 of the viruses was calculated using the standard method of Reed and Muench. Monolayers of DF-1 cells in 6-well plates were prepared to perform viral replication kinetics experiments. DF-1 cells were infected with H9N2 and H5N1 AIVs at MOIs of 0.1 and 0.01, respectively, for 1 hr at 37°C. After incubation, the cells were washed twice and then incubated with DMEM containing 0.2% BSA at 37°C with 5% CO 2 . For H9N2, TPCK-trypsin (0.25 mg/mL) was added to the medium. Culture supernatants were collected at 0, 3, 6, 12, 18, 24, 36 , and 48 hpi. Cellular debris was removed from the samples by centrifuging at 2500 rpm for 15 min at 4°C, after which they were stored at À80°C until they were analyzed for TCID 50 . Three independent assays were performed on each sample at specified time points.
RNA extraction and complementary DNA synthesis
Total RNA from DF-1 cells infected with H9N2 and H5N1 AIVs was extracted with RNAiso Plus Total RNA (Takara, Beijing, China) according to the manufacturer's protocol and was maintained at À80°-C until subsequent analysis. Complementary DNA was synthesized by PrimeScript RT Master Mix (Perfect Real Time; Takara).
Quantitative RT-PCR
Quantitative RT-PCR was performed to quantitate expression of chemokines and cytokines by infected DF-1 cells. Primers used for quantitative RT-PCR analysis were designed by Oligo7 (Molecular Biology Insight, Cascade, CO, USA) and are shown in Table 1 . All primers were verified as having optimized quantitative RT-PCR conditions for amplifying the target genes and b-actin simultaneously. Quantitative RT-PCR was carried out on LightCycler 480 (Roche Molecular Diagnostics, Pleasanton, CA, USA) with a SYBR Premix Ex Taq Kit (Takara). Samples were analyzed in triplicate. The relative strength of expression of these genes was calculated by normalizing amounts of gene transcripts to that of b-actin transcripts using the 2
ÀDDCt method.
Statistical analysis
Data of 0 hpi compared with 3, 6,12, 18, 24, 36 and 48 hpi at an infectiveg dose of 0.01 MOI and to 3, 6,12, 18, 24, 36 hpi at an infective dose of 0.1 MOI were analyzed using one-way anova (Statistical Product and Services Solution, version 21.0; SPSS, Cary, NC, USA). Because of the very low concentration of RNA in H5N1 AIV infection at 48 hpi at an infective dose of 0.1 MOI, for the sake of uniformity only the data before 36 hpi for both H9N2 and H5N1 at infective doses of 0.1 MOI were subjected to statistical analysis. The data for each time point between H5N1 and H9N2 viruses were analyzed by SPSS 21.0 by two-way anova. Graphs were constructed with GraphPad Prism 6.0 software (GraphPad Software, La Jolla, CA, USA). 
RESULTS
Replication kinetics of H5N1 and H9N1 strains
The kinetics of replication of H5N1 and H9N2 AIVs were measured and analyzed based on the TCID 50 at 0, 3, 12, 18, 24, 36 and 48 hpi (Fig. 1) . The data showed that H5N1 and H9N2 AIVs replicate well in DF-1 cells. H5N1 replicated significantly more vigorously than H9N2 (P < 0.01) at every assessed time point throughout the replication kinetics experiment. Virus replication was distinctly dose-dependent for both H5N1 and H9N2 AIVs during the first 24 hpi, whereas dose dependency was negligible from 24 to 48 hpi. Peak titers of H5N1 AIV were up to 10 À6.8 of TCID 50 /mL at 24 hpi whereas H9N2 AIV replicated significantly less, peak virus titers reaching only 10 À4.6 of TCID 50 /mL.
Analysis of dynamic expression patterns of chemokine and cytokine genes
The assessed chemokines and cytokines, which included IL8L1, IL8L2, CX3CL1, CCL5, CCL20, K203, SCYA4, IFN-a, IFN-b, IL-1b, IL-6 and TNF-a significantly increased after both H5N1 and H9N2 AIV infection of DF-1 cells, whereas no expression of XCL1, CCLi10 and CCL19 was detected, indicating that these three genes are not expressed during every stage of AIV infection of DF-1 cells.
CX3CL1 is the only member of the CX3C family in chicken. Expression of CX3CL1 increased significantly in H5N1 AIV infection from 18 hpi (P < 0.001), reaching its peak at 48 and 36 hpi at infective doses of 0.01 and 0.1 MOI, respectively. CX3CL1 also increased significantly in H9N2 AIV infection from 18 hpi (P < 0.05) at an infective dose of 0.01 MOI and 3 hpi (P < 0.05) at an infective dose of 0.1 MOI (Fig. 2a, c) . Expression of CX3CL1 was greater in H9N2 than that in H5N1 in DF-1 cells regardless of infective dose. Analysis by two-way anova showed that expression of CX3CL1 was significantly greater in H9N2 than in H5N1at 6 hpi (P < 0.01), 24 hpi and 36 hpi (both P < 0.05) and 48 hpi (P < 0.001) at an infective dose of 0.01 MOI. In contrast, at an infective dose of 0.1 MOI, expression of CX3CL1 was significantly stronger in H9N2 than that in H5N1 from 3 hpi to 36 hpi (P < 0.001) (Fig. 2b, d) .
In chickens, IL8L1 and IL8L2 are equivalent to CXCL8 in humans, which belongs to the CXC family. IL8L1 was significantly more strongly expressed from 18 hpi (P < 0.001) both at 0.01 and 0.1 MOI infection with H5N1 AIV (Fig. 3a, e) . When infected by H5N1 AIV at 0.01 MOI, IL8L2 showed significantly stronger expression from 18 hpi (P < 0.05), whereas it was expressed significantly less strongly at 6 and 12 hpi (P < 0.001) and then steadily increased to 36 hpi (P < 0.001), which was significantly stronger expression than when infected at 0.1 MOI (Fig. 3c, g ). IL8L1 and IL8L2 were both significantly more strongly expressed at 36 hpi (P < 0.001) and 12 hpi (P < 0.05) in DF-1 cells infected with 0.01 MOI of H9N2 (Fig. 3a, c) . They were significantly expressed at 18 hpi (P < 0.05) and 24 hpi (P < 0.001), respectively, in DF-1 cells infected with 0.1MOI of H9N2 (Fig. 3e, g ). IL8L1 and IL8L2 were expressed more strongly in H9N2 than H5N1 AIV infection in DF-1 cells regardless of infective dose. Analysis by two-way anova showed that expression of IL8L1 was significantly stronger from 36 hpi (P < 0.001) and 12 hpi (P < 0.05) in H9N2 than in H5N1 infection at infective doses of 0.01 MOI and 0.1 MOI. Expression of IL8L2 was significantly stronger from 18 hpi (P < 0.005) and 12 hpi (P < 0.05) in H9N2 than in H5N1 infection at infective doses of 0.01 MOI and 0.1 MOI (Fig. 3b, d, f, h) .
Expression of CCL5 was significantly stronger from 18 hpi to 48 hpi (P < 0.001) in H5N1 infection with 0.01 MOI, whereas it was significantly stronger from 24 hpi to 36 hpi (P < 0.001) with 0.1 MOI (Figs. 4a, 5a ). Expression of CCL5 was significantly stronger from 24 hpi to 48 hpi (P < 0.001) in H9N2 AIV infection with 0.01 MOI whereas it was significantly stronger only at 36 hpi (P < 0.001) with 0.1 MOI (Figs. 4a, 5a ). CCL20 was expressed significantly more strongly from 18 hpi (P < 0.001) to 48 hpi or 36 hpi in H5N1 infection with (Figs. 4c, 5c ). CCL20 was expressed significantly more strongly from 12 hpi to 48 hpi or 36 hpi in H9N2 infection with 0.01 MOI (P < 0.05) or 0.1 MOI (P < 0.001) (Figs. 4c, 5c ). K203 and SCYA4 showed steadily increasing expression whether with H5N1 or H9N2 infection at 0.01 or 0.1 MOI. Expression of K203 was significantly stronger from 12 hpi (P < 0.05) whether with H5N1 or H9N2 infection at infective doses of 0.01 and 0.1 MOI (Figs. 4e, 5e ). Expression of SCYA4 was significantly stronger from 18 hpi in H5N1 infection both at 0.01 and 0.1 MOI (Figs. 4g, 5g) . Expression of SCYA4 showed an initial significant increase at 6 hpi (P < 0.05) and decreased thereafter until a second significant increase at 24 hpi (P < 0.001) with H9N2 infection at 0.01 MOI whereas it was significantly stronger from 18 hpi to 36 hpi (P < 0.001) at 0.1 MOI (Figs. 4g, 5g ). Analysis by two-way anova showed that expression of CCL5, CCL20, K203 and SCYA4 was much stronger for H9N2 than H5N1. Expression of CCL5 was significantly stronger at 24 hpi and 36 hpi (P < 0.001) in H9N2 than H5N1 at 0.01 MOI infective dose and at 36 hpi (P < 0.001) at 0.1 MOI (Figs. 4b, 5b) . Expression of CCL20 was significantly stronger at 18 hpi (P < 0.001) in H9N2 than H5N1 at 0.01 MOI infective dose and at 24 hpi (P < 0.01) at 0.1 MOI (Figs. 4d, 5d ). Expression of K203 was significantly stronger at 12 hpi (P < 0.001) in H9N2 than H5N1 at 0.01 MOI infective dose and at 6 hpi (P < 0.001) at 0.1 MOI (Figs. 4f, 5f ). Expression of SCYA4 was significantly stronger only at 36 hpi (P < 0.001) in H9N2 than H5N1 both at 0.01 and 0.1 MOIs infective dose (Figs. 4h, 5h) . Expression of IFN-a and IFN-b were both significantly stronger at 18 hpi (P < 0.05 for IFN-a, P < 0.01 for IFN-b) in DF-1 cells infected with 0.01 MOI H5N1 (Fig. 6a, c) . They were significantly expressed at 18 hpi (P < 0.01) and 12 hpi (P < 0.05), respectively, in DF-1 cells infected with 0.1MOI of H5N1 (Fig. 6e, g ). IFN-a and IFN-b were both significantly more strongly expressed at 18 hpi (P < 0.01) in DF-1 cells infected with 0.01 MOI of H9N2 (Fig. 6a, c) . Their expression was significantly stronger at 24 hpi (P < 0.01) and 18 hpi (P < 0.05), respectively, in DF-1 cells infected with 0.1 MOI of H9N2 (Fig. 6e, g ). Analysis by two-way anova showed expression of IFN-a was significantly stronger from 24 hpi with H5N1 than with H9N2 infection at infective doses of 0.01 MOI (P < 0.01) and 0.1 MOI . Left panels, analysis by one-way anova; right panels, analysis by two-way anova. Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001. Data are presented as mean AE SD of triplicate independent experiments.
(P < 0.001). Expression of IFN-b was significantly stronger from 18 hpi (P < 0.05) and 12 hpi (P < 0.01) with H5N1 than with H9N2 infection at infective doses of 0.01 MOI and 0.1 MOI (Fig. 6b, d, f, h) .
Expression of IL-1b was significantly stronger from 18 hpi to 48 hpi or 36 hpi with H5N1 infection at 0.01 MOI (P < 0.001) or 0.1 MOI (P < 0.05) (Fig. 7a, e) . Expression of IL-1b was significantly stronger from 24 hpi to 48 hpi or 36 hpi with H9N2 infective dose of 0.01 MOI (P < 0.05) or 0.1 MOI (P < 0.01) (Fig. 7a, e) . Expression of IL-6 was significantly stronger from 18 hpi to 48 hpi (P < 0.01) with H5N1 infective dose of 0.01 MOI, whereas it was significantly stronger from 12 hpi to 36 hpi (P < 0.05) at 0.1 MOI (Fig. 7c, g ). Expression of IL-6 was significantly stronger from 18 hpi to 48 hpi (P < 0.01) with H9N2 AIV infection at 0.01 MOI whereas it was significantly greater from 18 hpi to 36 hpi (P < 0.05) at 0.1 MOI (Fig. 7c,g ). Expression of TNF-a was significantly stronger from 18 hpi to 48 hpi (P < 0.05) with H5N1 infection at 0.01 MOI, whereas it was significantly stronger from 12 hpi to 36 hpi (P < 0.05) at 0.1MOI (Fig. 8a, c) . Expression of TNF-a was significantly greater from 24 hpi to 48 hpi or 36 hpi with H9N2 infective dose of 0.01 MOI (P < 0.001) or 0.1 MOI (P < 0.05) (Fig. 8a, c) . TNF-a was expressed more strongly with H5N1 than H9N2 AIV infection in DF-1 cells regardless of infectives dose. Analysis by two-way anova showed that expression of IL-1b, IL-6 and TNF-a was much stronger with H5N1 than H9N2 infection. Expression of IL-1b was significantly stronger at 18 hpi in H5N1 than H9N2 infection at 0.01 MOI (P < 0.001) and 0.1 MOI (P < 0.01) infection (Fig. 7b, f) . IL-6 was expressed significantly more strongly at 24 hpi (P < 0.001) in H5N1 than H9N2 at 0.01 MOI infective dose and at 12 hpi (P < 0.01) at 0.1 MOI (Fig. 7d, h ). TNF-a was expressed significantly more strongly at 18 hpi (P < 0.001) in H5N1 than H9N2 at 0.01 MOI infective dose and at 6 hpi (P < 0.05) at 0.1 MOI (Fig. 8b,  d ).
DISCUSSION
Different types of multi-wave inflammatory cells are chemotactic to sites of inflammation in infections (29) . The pathological changes caused by different AIVs vary, being closely related to their migratory properties; distribution patterns of inflammatory cells resulting from differential expression of the chemokines and cytokines (29) (30) (31) . Kuribayashi et al. have demonstrated that cytokine responses change in AIV infection and that cytokines are critical for the pathogenesis of avian influenza in chickens (31) . Assessment of the dynamic expression of chemokines and cytokines could enable precise determination of movement of activated effector inflammatory cell to infection sites and how they recruit cells (30, 32, 33) . Because of the complexity of animal experiments, cell models are more suited to clarifying these matters. In the present research, DF-1 cells were infected with AIVs of different pathogenicity to enable exploration of the dynamic expression of chemokines and cytokines.
All assessed chemokines, IL8L1, IL8L2, CX3CL1, CCL5, CCL20, K203 and SCYA4, were expressed more strongly with either H5N1 or H9N2 AIV infection of DF-1 cells. This is consistent with reported infection with other subtypes of AIV of diverse cell lines (34) (35) (36) . During the interval assessed, chemokine expression was stronger for a minimum of 6 hrs, the longest being 36 hours. This is the time during which host innate immunity is rapidly activated to provide an initial defense against AIV infection, for example via antigen presentation by DCs, production of interferons and induction of various cytokines and chemokines (26, 37, 38) . Of note, expression of K203 was significantly stronger at 12 hpi independent of the subtype of AIV and the infective dose, suggesting that K203 is a constant chemotactic factor in AIV infection in chickens. Thus, its function need to be further explored. The timing of expression of CCL20 increased significantly with H5N1 (18 hpi) and H9N2 (12 hpi) infection in DF-1 cells regardless of the infective dose. Expression of CX3CL1 and SCYA4 was significantly stronger at 18 hpi with H5N1 AIV infection regardless of infective dose, whereas the timing of stronger expression was different with H9N2 infection. Differences between responses of CX3CL1 and SCYA4 to highly pathogenic and low pathogenic AIV may be used as markers of the pathogenicity of influenza viruses. To summarize, K203, CX3CL1, SCYA4 and CCL20 are constant chemotactic factors in responses to H5N1 AIV infection in chickens whereas K203 and CCL20 are constant in responses to H9N2 AIV infection. IL8L1 and IL8L2, CCL5 and SCYA4 vary with the subtype of AIV and infective dose. Although expression of XLC1, CCLi10 and CCL19 is upregulated in H5N1 or H9N2 infection in chickens or ducks (39) (40) (41) , expression of XCL1, CCLi10 and CCL19 was not detected in DF-1 cells infected with H5N1 and H9N2 AIVs. This may be because the complexity of the organism is far greater than that of a single cell type, and the host's immune system may be involved.
Expression of IFN-b and IL-6 was significantly stronger at 18 hpi with H9N2 AIV infection regardless of infective dose whereas the timing of strong expression was different with H5N1 infection. Differences in responses of IFN-b and IL-6 may also serve as markers Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001. Data are presented as mean AE SD of triplicate independent experiments. of the pathogenicity of H5N1 and H9N2 influenza viruses. Expression of IL-1b was significantly increased in H5N1 (18 hpi) and H9N2 (24 hpi) infection in DF-1 cells regardless of the infective dose. Of particular note, TNF-a was expressed more strongly in H5N1 than H9N2 AIV infection in DF-1 cells regardless of infective dose. This may explain why inhibition of TNF-a reduces pulmonary recruitment of inflammatory cells and severity of illness associated with H5N1 infection (42) (43) (44) (45) .
Taken together, dynamic analysis of chemokine and cytokine responses to H5N1 and H9N2 AIVs in DF-1 cells revealed that K203 is a constant chemotactic factor regardless of the subtype of AIV and infective dose. CCL20 and IL-1b are independent of infective dose but dependent on the subtype of AIV. K203, CX3CL1, SCYA4, CCL20, IFN-a, IL-1b and TNF-a are the specific cytokines that respond to H5N1 AIV infection in chickens whereas K203, CCL20, IFN-b, IL-1b and IL-6 respond specifically to H9N2 infection. The present results provide basic data for explaining differences in inflammation and phenotype of histopathological changes caused by H5N1 and H9N2 and add new information on the roles of chemokines and cytokines in virulence of different subtypes of AIVs. Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ ,
